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Expanding the range of curvature generating and curvature stabilizing protein modules, the
first F-BAR domain structures support their assignment to the BAR domain superfamily and
emphasize how modifications to a basic structural frame can generate a broad spectrum of
properties.The spontaneous assembly of lipid
bilayers to generate membranes is
fundamental to cellular structure and
to the compartmentalization that
underlies eukaryotic physiology. The
dynamic nature of the plasma mem-
brane and of membranous organelles
requires continuous changes of
membrane shape, often involving the
formation of high curvature micro-
domains to generate tubules and
vesicles. Accordingly, natural selec-
tion gave rise to curvature inducing/
stabilizing protein modules that can
shift the equilibrium between mem-
brane curvature states, altering the
energetic landscape that separates
planar from cylindrical, spherical, and
saddle-shaped surfaces. Among those
proteins, BAR (Bin, Amphiphysin, Rvs)
domains have been identified through-
out eukarya as essential regulators of
membrane remodeling processes
(Itoh and De Camilli, 2006). Two new
papers, Shimada et al. (2007) in the
May 17th issue of Cell and Henne
et al. (2007) in this issue of Structure,
have significantly expandedour under-
standing of the properties of the BAR
domain superfamily and provided
structural proof for the existence of
a previously predicted new branch
within this superfamily, the F-BAR
domain.
Studies of a family of actin regula-
tory proteins known as S. pombe
cdc15 homology (PCH) proteins ini-
tially identified a region of conservation
comprising an N-terminal FCH (Fes
and CIP4 homology) module followedby a coiled-coil domain (Chitu and
Stanley, 2007). Subsequent bioinfor-
matic analysis suggested an overall
homology of this entire region to BAR
domains (hence the names F-BAR
domains, for FCH and BAR [Itoh et al.,
2005] or EFC for extended FCH [Tsujita
et al., 2006]). This prediction was sup-
ported by the identification of shared
functional properties between BAR
and F-BAR domains, most notably
the ability to tubulate membranes
in vitro and in vivo, and the putative
involvement of many BAR and F-BAR
proteins in membrane deformations
accompanying endocytosis (Itoh et al.,
2005; Tsujita et al., 2006). Validating
this hypothesis, Shimada et al. (2007)
(PDB codes: 2EFL and 2EFK) and
Henne et al. (2007) (PDB code: 2V0O)
demonstrate that the F-BAR domains
of FBP17, CIP4, and FCHo2 adopt the
fold and quaternary organization that,
based on several crystal structures,
is the BAR domain family’s general
signature—an elongated dimer formed
by the antiparallel interaction of two
a-helical coiled coils (Figure 1).
Helix bundles that comprise BAR
superfamily monomers are fundamen-
tally related to the three-helix bundles
found in the spectrin superfamily.
However, the dimerization interface
of BAR domains is uniquely character-
istic—a fact that the new structures
strongly reinforce. Specifically, all
twelve structures known to date reveal
an architecturally conserved dimeric
six-helix bundle that is stabilized by
extensive interaction surfaces, buryingStructure 15, July 2007 ª2,000 to > 4,000 A˚2, where stretches
of three elongated a helices from one
monomer interact with a helices from
the other monomer (Figure 1 & Figure 8
of Henne et al., 2007). Furthermore,
the elongated structure of all BAR
superfamily dimers is characterized
by a surface with positive charges
that are aligned to interact with nega-
tive charges of the membrane via
eletrostatic interactions, and can thus
function as membrane-associated
scaffolds (Peter et al., 2004). The
presence of helical appendages,
variability in the angle of dimerization
and the resulting degree of overall
curvature are individual adaptations
of this common frame. In corres-
pondence with these variations,
BAR domains can be phylogeneti-
cally grouped into three or more
subsets (Figure 1). Such a grouping
suggests a clear rationale for nomen-
clature and a framework for address-
ing the physiological roles of different
domains.
Comparisons between the new
F-BAR structures and other ‘‘classi-
cal’’ BAR domains, such as those of
arfaptin, amphiphysin, and endophilin,
reveal interesting differences. A dis-
tinctive feature of F-BAR domains is
their shallow degree of curvature,
found in all three of the F-BAR struc-
tures, with arc depths 3-fold smaller
than thoseofBARdomains (Figure 1B).
This difference strikingly correlates
with the difference in diameters of
the tubules generated by BAR and
F-BAR domains when incubated with2007 Elsevier Ltd All rights reserved 751
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PreviewsFigure 1. The Bar Domain Superfamily
(A) Radial phylogenetic tree of the BAR domain superfamily computed with KALIGN and displayed with KALIGNVU (Lassmann and Sonnham-
mer, 2006). Parameters used in the calculation included Gap open penalty = 11.0, Gap extension penalty = 1.5, Terminal gap penalties =
0.20, and Bonus score = 0.0. Please consult the primary publications for each crystal structure as cited in the Protein Data Bank. F-BAR
for FCH and BAR, I-BAR for ‘‘inverse’’ BAR and N-BAR for the conjunction of N-terminal membrane-penetrating amphipathic helices with
a BAR.
(B) Comparative views of representative members of the BAR superfamily from the different phylogenetic subsets. In the case of the N-BAR
domain, the N-terminal amphipathic helix is not part of the crystal structure and is shown as a schematic only (Gallop et al., 2006).liposomes in vitro (Shimada et al.,
2007; Henne et al., 2007; Itoh et al.,
2005). F-BAR monomers are also
unique in that they have five a helices,
rather than the canonical three. The
a1 and a5 helices are short, and a1
of one monomer interacts with a5 of
the adjacent monomer, contributing to
dimer formation. Furthermore, F-BAR
monomers have an extended C-
terminal peptide that interacts with a3
and a4 of the adjacent monomer. In
comparison to ‘‘classical’’ BAR do-
mains, these new interactions double
the total surface area buried by di-
merization and strongly enhance the
stability of F-BAR dimers (Shimada
et al., 2007; Henne et al., 2007). Dele-
tion of the F-BAR C-terminal peptide
in FCHo2 resulted in a relatively weak
dimer with a Kd of 2.5 mM—on the
order of dissociation constants of
other BAR domains (2–15 mM; Henne
et al., 2007; Gallop et al., 2006). These
results indicate that the extended
C-terminal peptide is an important
component of F-BAR domains, and
raise the possibility that overlooked
sequences N- or C-terminal to other752 Structure 15, July 2007 ª2007 ElsevBAR domains may also enhance dimer
stability.
The structures of the F-BAR do-
mains of FBP17 and CIP4 also
suggest a basis for the ability of these
domains to form filamentous polymers
(Itoh et al., 2005), via formation of tip-
to-tip hydrogen bonds (Shimada
et al., 2007). A continuous threadwrap-
ped around tubular membranes in
a tight spiral, as suggested by EM
images (Shimada et al., 2007; Takei
et al., 1999), could explain the mem-
brane tubulating properties of these
modules. There is some evidence that
N-terminal hydrophobic residues of
the FCHo2 F-BAR domain may partic-
ipate in membrane binding. However,
unlike N-terminal BAR domains
(N-BARs), F-BAR domains are not
flanked at the N terminus by the
membrane-penetrating amphipathic
helix which is thought to enhance bila-
yer bending (buckling) (Peter et al.,
2004; Farsad et al., 2001). The tip-to-
tip interaction discovered by Shimada
and colleagues provides strong evi-
dence for a cooperative mechanism
of membrane deformation by theseier Ltd All rights reservedand possibly other members of the
BAR superfamily, such that curvature
results from the cumulative effects
of many proteins acting in close
proximity through direct interactions
with each other. Validation and/or
refinement of this model, however,
will require structural interrogation of
these modules in membrane-bound
states. It will also be of interest
to further explore how the striking
but different membrane-shaping
properties of F-BAR and BAR domains
relate to their physiological functions
in vivo.
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Insect flight muscle is capable
Nicola and colleagues (De Nico
that regulates asynchronous con
The ubiquitous calmodulin and the
skeletal muscle protein troponin-C
(sTnC) are archetypical examples of
the role of calcium binding proteins in
the accepted paradigm of signal trans-
duction. Following a Ca2+ transient
these proteins bind Ca2+ to a subset
of the binding sites available, and this
induces a protein conformational
change generally involving the expo-
sure of a hydrophobic surface, which
in turn leads to binding to target
proteins thereby transducing the Ca2+
signal. This is well supported in many
systems by extensive biochemistry
and biology, and also by extensive
structural biology. In the sTnC exam-
ple, the target is troponin-I (sTnI).
Ca2+ binding to sites I and II in the reg-
ulatory N-domain of sTnC induces
a conformational change fromaclosed
to an open conformation (Gagne´ et al.,
1995) which subsequently binds the
‘‘switch’’ region of sTnI (sSP). This
breaks interactions between the ‘‘in-
hibitory’’ (sIP) and C-terminal regions
of sTnI and actin which results in the
movement of tropomyosin on the thin
filament and an enhanced actomyosin
ATPase activity (Sykes, 2003). sTnI is
anchored to sTnC by a strong interac-
tion of the N terminus of TnI (sRP) with
the metal-saturated (sites III and IV) CLassmann, T., and Sonnhammer, E.L. (2006).
Nucleic Acids Res. 34, W596–W599.
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of very high oscillatory frequencie
la et al., 2007) describe the struct
traction, casting light on the mech
terminus of sTnC, and forms a coiled-
coil interaction with the tropomyosin
binding component troponin-T (sTnT).
These interactions are visualized in
the X-ray structure of the troponin
core (Vinogradova et al., 2005; Fig-
ure 1).
The above notwithstanding, the pic-
ture of regulation in other muscles is
not that simple. In human cardiacmus-
cle troponin-C (cTnC) one of the two
Ca2+ sites in the regulatory domain is
defunct, and Ca2+ binding to site II
does not lead to an opening of the
N-domain (Sia et al., 1997), although
it sets the stage for subsequent bind-
ing of cSP to an open cardiac N-
domain (Li et al., 1999). Likely, a more
important omission in the mechanism
is that it does not account in any way
for the other forms of activation such
as activation by stretch. It has been
known since the 1880s that mechani-
cal factors influence the performance
of the heart as embodied in the
Frank-Starling Law of the heart (Frank,
1885).
Stretch activation is very important
in insect flight muscle, allowing it to
contract at higher frequencies than
is possible with Ca2+ signaling. In a
recent paper Agianian et al. (2004)
show that in Lethocerus flight muscle
Structure 15, July 2007 ªR., Nishino, Y., Toyama, M., Chen, L., et al.
(2007). Cell 129, 761–772.
Takei, K., Slepnev, V., Haucke, V., and De Ca-
milli, P. (1999). Nat. Cell Biol. 1, 33–39.
Tsujita, K., Suetsugu, S., Sasaki, N., Furutani,
M., Oikawa, T., and Takenawa, T. (2006).
J. Cell Biol. 172, 269–279.ing
da
s. In this issue of Structure, De
ure of the Ca2+ binding protein
anism of stretch activation.
the high frequency asynchronous con-
tractions required for flight and syn-
chronous Ca2+ contractions are con-
trolled by two different TnC isoforms
(F1 and F2) which coexist within single
myofibrils. They show that the F1 TnC
has only one remaining Ca2+ binding
site which is in the structural C-domain
(site IV), and conclude that ‘‘regulation
by a TnC corresponding to stretch
rather than Ca2+ is unprecedented’’.
The paper in this issue of Structure
(De Nicola et al., 2007) provides an
elegant description of the NMR solu-
tion structure of the Ca2+-saturated
form of the F1 TnC from Lethocerus
flightmuscle, aswell the determination
of it’s interactions with the key regions
of TnI described above using synthetic
peptides and recombinant proteins.
Their structure of the N-domain of F1
TnC is very similar to that of apo
sTnC and of Ca2+-saturated cTnC,
meaning that they are all in the closed
conformational state. One aspect
whose significance is not known is
that the F1 TnC lacks the N-helix. The
C-domain of F1 TnC is structured and
open, in a conformation very similar
to that of the C-domains of both
sTnC and cTnC in complex with the
N-terminal regions (RP) of sTnI and
cTnI, respectively (Takeda et al.,
2007 Elsevier Ltd All rights reserved 753
